In this study we investigated the geological and biogeochemical processes that influence groundwater chemistry in the Boso Peninsula, Chiba, central Japan. We also discuss the factors that control groundwater chemistry within a sedimentary basin. Saline groundwater is found throughout the study area, while fresh groundwater is distributed unevenly in the central and southern parts of the study area. The distribution of Cl -concentration indicates that groundwater in the study area is influenced by not only present-day seawater penetration but also presence of fossil brine water, although their extents remain uncertain. Since thermodynamic calculation of mineral saturation indices indicates that the groundwater is not in equilibrium with the host rock, it is considered that seawater has intruded to inland areas with and/or after progress of geochemical reactions. Consequently, changes in the concentration of various chemical species by geochemical processes (seawater-freshwater mixing is excluded) were calculated and used as a basis for the classification of samples into six reaction types according to the changing trends of the concentration values calculated by assuming that seasalt components of rainwater affect the groundwater chemistry. Chemical composition is not always correlated with a certain reaction type. The groundwater geochemistry of some reaction types is governed mainly by the dissolution of silicates (plagioclase, illite, chlorite and montmorillonite) and carbonates (calcite, dolomite, and siderite) and precipitation of carbonate minerals, as well as ion exchange of cations. The chemical properties of saline water are influenced by bacterial sulfate reduction, bromine, and the production of methane.
INTRODUCTION
Demand for deep groundwater resources in Japan has been recently increasing from a variety of users. For example, increasing amounts of deep water is pumped for industrial use via the membrane filter procedure because of the low cost compared to the public water supply. Various types of groundwater, including brine water and freshwater from deep aquifers, have also been developed for use in hot springs. While the demands on groundwater usage have increased, the mechanism of geochemically characterizing the groundwater has yet to be clarified. rocks, and examine factors that influence the geochemical properties of the groundwater. From this, the origin and exploration of deep groundwater is discussed.
SAMPLES AND ANALYTICAL METHODS

Sampling location
Chiba Prefecture is located to the east of Tokyo (Fig. 1) . Approximately 85% of the prefecture is less than 100 m in elevation. The Boso Peninsula is 5156 km 2 in size and dominates the area of Chiba Prefecture. A simplified geologic map of the Boso Peninsula and geological cross section of the Kazusa Group are provided in Fig. 2 . The Pleistocene Kazusa Group outcrops on the northwest side of the peninsula, while the southern parts of the peninsula are dominated by the east-west striking Hota, Mineoka, and Miura Groups. The total thickness of these groups is a few thousand meters (Niitsuma, 1991) .
The Oligocene to Miocene Hota Group strikes eastwest, intruding the Mineoka Group. The Hota Group comprises tuffaceous sandstone and mudstone, with the two rock types divided by a fault. Ultramafic rocks, gabbro and basalt occur within the Mineoka Group. The Miocene to early Pliocene Miura Group extends 12 km east to west and 4 km north to south, and contains repeated synclinal and anticlinal structures. The north-to northwest-dipping Kazusa Group is composed of marine sandstone and mudstone turbidite sequences and unconformably overlies the Miura Group. The Kazusa Group crops out in the middle to northern part of the peninsula, has a basin-like structure, and records a transgressive to regressive cycle from deep-marine basin floor to shallow marine/coastal environments (Katsura, 1984) . Quaternary shallow marine and fluvial sequences of the Shimosa Group unconformably overlie the Kazusa Group. Shimosa Group sediments are widely distributed in the northwest of the peninsula, dip gently to the northwest, and consist mainly of fossiliferous marine sandstone with minor gravel and mud beds. The dip of these beds decreases from 5° in the southeast to horizontal in the northwest.
Hot springs within the Boso Peninsula are generally of <25°C water temperature, of non-volcanic origin, and are concentrated in the southern part of the peninsula. The increase in groundwater temperature related to the geothermal gradient is observed in spring water sourced from deep (>1000 m depth) aquifers. Some of the hot springs contain high concentrations of Na + and Cl -due to the effects of seawater infiltration (Aikawa, 1991) . Brine water is sourced for use in hot springs, especially in the central and eastern parts of the peninsula. Natural methane gas is associated with the brines in this area, and iodine concentrations reach >100 ppm in the brine water from which the natural gas is extracted. In the west of the peninsula, a large number of wells have been drilled to access water for irrigation and household use. Some groundwater colored with brownish yellow produces a sulfurous smell (Takeuchi, 1971) . The aquifer that holds the groundwater is thought to be the Shimosa Group, as it is permeable and overlies an impermeable mudstone layer.
Analytical methods
We collected 45 groundwater, 2 seawater, and 7 rainwater samples from July 2002 to April 2004 ( Fig. 1) , carefully avoiding aeration especially for rainwater. We measured sample temperature and sample pH using an HM-20P analyzer (TOA TDK Co. Ltd.) immediately following collection. Ion chromatography (DX-120, Japan Dionex) was used for the measurement of F -, Cl -, Br -, NO 3 -, PO 4 3-, and SO 4 2-. Atomic absorption spectrometry (Z-6100, Hitachi) was used for the analysis of Na + Groundwater chemistry of the Boso Peninsula, central Japan 347
an ion meter (Ti-9004, TOKO Co., Ltd.) in the field laboratory.
RESULTS AND DISCUSSION
In addition to the samples analyzed in this study, we use previously published analyses of three groundwater samples from the northwest part of the peninsula (Imahashi et al., 1996) . The results of groundwater including hot spring, seawater, and rainwater analyses are summarized in Table 1 . Samples 55, 56 and 57 are those of Imahashi et al. (1996) .
Distribution and characteristics of groundwater in the Boso Peninsula
Chemical composition Groundwater samples from the Boso Peninsula are classified into four groups on the basis of water quality as quantified in a trilinear diagram (Piper, 1944; Fig. 3): Type I, Ca-Mg-SO 4 -Cl water (4 samples); Type II, Mg-Ca-HCO 3 water (8 samples); Type III, Na-K-HCO 3 water (10 samples); Type IV, Na-K-SO 4 -Cl water (24 samples). The distribution of these groundwater types is shown in Fig. 4 ; all four groundwater types are found in the study area. Types III and IV, which have relatively high Na and Cl concentrations, are located in both Fig. 2 . Simplified geological map of the study area (below; modified after Kondo, 1996) and geological cross section of the formations of the Kazusa Group along the line A-B (above). Imahashi et al. (1996) . " HS", "GW", "MW", and "RW" represent hot spring, groundwater, marine water, and rainwater, respectively. "Type" and "RT" are (m) (°C) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) 1 HS 1520 19. Groundwater chemistry of the Boso Peninsula, central Japan 349 *literature data from Imahashi et al. (1996) . ** literature data from Merritts et al. (1998) . coastal and inland areas, while Types I and II are concentrated in the central and southern parts of the peninsula as well as the coastal regions. Although it has been previously stated that spring water in the Boso Peninsula is affected by the intrusion of seawater (e.g., Aikawa, 1991) , the chemistry of our samples does not indicate the influence of seawater. Figure 5 shows the Cl -concentration of each sample compared with distance from the coast. Whereas concentration of Cl -near the coast distributes widely, high Cl -concentrations are not found at inland locations. We do not, however, recognize clear dependency of Cl -concentration on the distance of samples from the sea. Alternative origins of the Cl -include brine water of 24 million years in age residing in the Boso Peninsula (Aikawa, 1991) as well as intrusion of present-day seawater. Because this discrimination is significantly difficult, we should consider that seawater intrusion is a possible cause to affect the groundwater chemistry in the study area but is limited, and that fossil brine seawater might also contribute to form the groundwater chemistry locally, for example, in the central and eastern parts of the peninsula from which natural gas and iodine are produced abundantly. Distance from the sea (km)
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The influence of rock-forming minerals on groundwater chemistry
The saturation index provides a useful indication of the reactive minerals within host rocks and the types of water-rock reactions occurring underground. Saturation indices of the samples were calculated using the software program PHREEQC (Parkhurst and Appelo, 1999) , and are presented in Table 2 . Most samples are oversaturated with respect to quartz, indicating that dissolution of silicate minerals might be the primary water-rock chemical reaction. Many samples are also saturated with respect to carbonate minerals such as calcite, dolomite, and siderite. In contrast, all samples are undersaturated with respect to sulfates such as gypsum and anhydrite. (Parkhurst and Appelo, 1999) An alternative method for determining the thermochemically stable minerals within an aqueous phase is the use of mineral stability diagrams (e.g., Drever, 1988) . We used the software program PTA (Brown et al., 1988) for the construction of stability diagrams. Here it should be noted that equilibrium conditions vary with temperature and pressure that are essentially determined by water depth. Figure 6a , the stability diagram of Na 2 O-H 2 O-SiO 2 system, shows the cases for 50 bar (that corresponds to 500 m depth)-25 °C (solid lines), 1 bar-25°C (dotted lines), 150 bar (that corresponds to 1500 m depth)-25 °C (dashed lines), and 50 bar-15 °C (heavy lines) on the ground of range of temperature (mostly 15-25 °C) and depth (~1500 m) in the study area (see Table  1 ). The positions of equilibrium lines do not significantly depend on temperature and pressure within the range of the study area, suggesting that the difference of temperature and pressure is not critical to interpret the stability diagrams. Thus, Figs. 6b-d consider the stability diagrams only at 50 bar and 25°C.
Concerning the Na 2 O-H 2 O-SiO 2 (Fig. 6a) and CaO-H 2 O-SiO 2 (Fig. 6b) systems, it should be noted that the montmorillonite (beidellite) phases (Abercrombie, 1988) lie outside of the fields shown in Fig. 6 . The plotted data are close to albite-kaolinite boundary and are within the kaolinite stability field. In contrast to our findings, Koma et al. (1989) and Katsura (1984) reported that the Kazusa Group sedimentary rocks in the east of the peninsula contain abundant plagioclase and montmorillonite but only trace amounts of kaolinite. The reliability of the stability diagrams assumes equilibrium between the aqueous and mineral phases; the diagrams are misleading for those cases where the aqueous phase was not in equilibrium with the mineral phase. Tardy (1971) demonstrated that the plot of spring water, where montmorillonite is found in the watershed, is in the kaolinite stability field due to the slow dissolution kinetics of silicate minerals. The presence of montmorillonite rather than kaolinite can be estimated hydrologically, as the weathering product depends on hydrological conditions as well as weathering rate. Kaolinite formation occurs by the release of alkali and alkaline earth elements (Na, K, Ca, and Mg) that are easily removed by weathering from the original minerals, while montmorillonite also contains these cations. We therefore consider that the dissolution reactions of plagioclase to form montmorillonite are not in equilibrium with the groundwater in the study area.
It has been reported that illite is more abundant than K-feldspar within the Kazusa Group (Koma et al., 1989) , however, our data plot in K-feldspar region of the K 2 O-H 2 O-SiO 2 system (Fig. 6c) . A similar result was derived from analysis of groundwater within Kazusa Group sediments in the east of the peninsula, where Kamei et al. (2000) concluded that the illite-K-feldspar reaction was not in equilibrium with the groundwater and that biota such as seaweed influence the aqueous composition within the K 2 O-H 2 O-SiO 2 system. The data presented in Fig. 6c indicate that the groundwater chemistry of the entire Boso (Brown et al., 1988) . Montmorillonite plots outside of the fields shown here, although additional thermodynamic data of beidellite as montmorillonite (Abercrombie, 1988) is taken into account.
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Peninsula, as well as that of the Kazusa Group, is not in equilibrium with the water-rock reactions of K-bearing minerals. Figure 6d shows a stability diagram for the MgO-H 2 OSiO 2 system. The analyzed samples plot close to the chlorite-kaolinite boundary, which is outside of the Mgmontmorillonite field (not shown on the figure), although the presence of montmorillonite has been described previously. This apparent anomaly can be explained by the proposal that the groundwater is in disequilibrium with the dissolution reaction of chlorite, consistent with the disequilibrium with Na-, K-, and Ca-silicate minerals described above.
This discussion on the stability diagrams suggests that it is difficult to consider that the groundwater chemistry reaches equilibrium with host rocks after seawater intrusion. It is more likely that the seawater intrusion has occurred with or after geochemical reactions including water-rock reactions. We therefore consider, in the next section, characteristics of the reaction process that the groundwater has experienced.
The influence of chemical reactions on groundwater chemistry
We now consider the behavior of dissolved chemical species on the basis of the reactive minerals described in the previous section. 
where m i is the concentration of ion i, f sea is the fraction of seawater in the mixed water, and the subscripts mix, sea, and rain represent the conservative mixture, and the end-members seawater and rainwater, respectively. The change in concentration ∆ i as a result of reactions is expressed as:
where m i is the observed concentration (mmol/l) within the sample. The fraction of seawater is estimated from the Cl -concentration within the sample. Chloride is assumed to be a conservative element. The fraction of seawater is given by: f sea = (m Cl -m rain,Cl )/(m sea,Cl -m rain,Cl ).
The value of m sea,Cl is derived from analysis. The seawater chemistry of samples 46 and 47 are considered to be representative of the samples in the eastern and western areas of the peninsula, respectively. The alternative method is to use the world average seawater composition (Merritts et al., 1998; No. 58 in Table 1 ). Both cases are calculated and compared later.
The value of m rain,Cl is determined from the analysis of rainwater. Here we assume that the only seasalt components of rainwater influence the groundwater composition, ignoring the non-seasalt components that are likely to be derived largely from anthropogenic effects. Based on this assumption, in order to obtain m rain,Cl , we use Na as a conservative element of rainwater, that is, it is assumed that all Na is derived from seasalt. The reason for not using Cl is that the Cl concentration of rainwater may be distorted by anthropogenic pollution, for example, HCl from waste incinerators. Loewengart (1961) described an exponential decrease in the concentration of dissolved species with increasing distance from the seacoast. Then the numerical approximation of the conservative element Na of rainwater is given by:
where A and B are constants, and d is the shortest distance from the seacoast. It should be noted that the northwest Boso Peninsula does not face the sea and therefore the chemistry of rainfall in this area is affected by seawater from other directions. However, the linear correlation of rainwater between d and logarithmic Na + concentration (Fig. 7) indicates that our assumption about rainwater in Eq. (4) used to estimate ∆ is appropriate in the study area. Then, m rain,Cl is calculated by assuming the constant proportions of seasalt components, that is: 
where the subscript 0 is the rainwater sample of the seacoast (the distance from seacoast is zero), sample 53.
The result of these calculations (∆ i ) is presented in Table 3 . First of all, we refer to the difference of the results between the two methods (using samples 46-47 and 58) to calculate ∆ as shown in Tables 3a and 3b . Although, in general, there is no critical difference in the other values, apparent differences of ∆ Na in samples 5-11 is found. We therefore mainly discuss ∆ based on the result of Table 3a, and additionally refer to that of Table 3b in Subsection "Reaction types 5 and 6". As shown in Table 3 , ∆ of the samples have various values and their patterns are not straightforward, convincing us that the groundwater chemistry is not solely determined by the mixing of seawater and rainwater.
The patterns of the resultant ∆ of the samples, which represents their reaction type (RT), are classified into six groups: RT1: ∆ K , ∆ Ca , ∆ Mg , ∆ HCO3 > 0; RT2: ∆ Na , ∆ K , ∆ Ca , ∆ HCO3 > 0; RT3: two of ∆ Na , ∆ K , ∆ Ca , ∆ Mg > 0; RT4: ∆ Na > 0, ∆ HCO3 < 0; RT5: ∆ Na > 0, ∆ K , ∆ Ca , ∆ Mg < 0, ∆ HCO3 > 0, 
The geographic distribution of reaction type is presented in Fig. 8 . Samples of RT1, RT2, and RT3 approximately correspond to groundwater Types I and II (see Fig. 4 ), while samples of RT4, RT5, and RT6 correspond to groundwater Types III and IV. There are some exceptions to these trends (e.g., sample 45), indicating that the groundwater quality in the study area does not always directly relate to the origin of the water chemistry. We discuss the behavior of ∆ in each RT in the following section. Reaction types 1 and 2 Most samples of RT1 and RT2 show positive ∆ Na , but several samples have negative ∆ Na . The latter may reflect precipitation of Namontmorillonite. However, ion exchange reaction between cations is more probable. One possibility is the exchange between Na + and K + , Ca 2+ , and Mg 2+ , because the total equivalent of ∆ K + ∆ Ca + ∆ Mg sufficiently exceeds that of ∆ Na (Table 4) . Also, ion exchange between Na + and NH 4 + is likely to occur, although NH 4 + concentration was not analyzed in this study. This ion exchange reaction removes Na + from the water because groundwater containing abundant NH 4 + , which is derived from the breakdown of algae, is found in this area (Aikawa, 1991) .
The positive ∆ of cations and ∆ HCO3 in RT1 and RT2 indicates the dissolution of various silicate minerals. Increases in Na and Ca are attributed to the dissolution of plagioclase, while K and Mg increase reflects illite and chlorite dissolution. Only trace amounts of kaolinite have been found in the study area (Kamei et al., 2000) , from which clay minerals such as montmorillonite would be the dominant weathering product. The dissolution reactions of the silicate minerals are expressed as follows: 
Here we define ∆ D as follows:
If the groundwater chemistry is regulated by the silicate dissolution described above (Eqs. (6)- (9)), the changes in HCO 3 -concentration reflect variation in the cation concentrations due to dissolution, i.e.,
( 1 1 ) In addition to the dissolution of silicate minerals, carbon could also be released by the decomposition of or- No. (Imahashi et al., 1996; Suzuki, 1999) . There are no volcanic hot springs on the Boso Peninsula, so the sulfurous smell is attributed to humic acid and other organic matter (Aikawa, 1991) . The change in SO 4 2-concentration may therefore be attributed to the reduction of sulfate ion, which is consistent with the interpreted formation of the Kazusa Group under anoxic conditions (Koma et al., 1989) . The typical reduction reaction is expressed as follows:
However, the concentration of H 2 S in this region is generally lower than the detection limit (Tazaki, 1994) , although we note that pyrite is common within sedimentary rocks of the study area (e.g., Koma et al., 1989; Kamei et al., 2000) . Within ocean sediments, the oxidation of organic compounds occurs by the reduction of ferric iron and sulfur by colorless bacteria, and results in the formation of pyrite. This reaction can be expressed as follows (Chameides and Predue, 1997) :
Equation (13) describes the release of approximately 2 moles of organic carbon and a decrease in 1 mole of sulfate sulfur. If ∆ D+B is defined as follows:
then Eq. (11) is transformed by the consideration of organic reaction of Eq. (13), i.e., Figure 9a shows a comparison of ∆ D and ∆ HCO3 for RT1 and RT2 samples. Most of the samples have similar values of ∆ D and ∆ HCO3 , indicating that the groundwater chemistry of RT1 and RT2 samples is mainly controlled by silicate dissolution. Moreover, despite fairly low mixing ratios of seawater (f sea ) of RT1 and RT2 (~0.01), the range of pH is large-from 7 to 9 (Fig. 10) , which implies that silicate dissolution occurs to a variable extent. Although the groundwater is oversaturated with respect to calcite, dolomite, and partially saturated with respect to siderite (Table 2) , the influence of these minerals on groundwater chemistry is probably not critical. The positive ∆ SO4 recorded by most RT1 and RT2 samples cannot be attributed to the dissolution of sulfate minerals, as the samples are undersaturated with respect to these minerals. Instead, an anthropogenic effect may be significant because the groundwater from these samples is located close to industrialized cities that don't occur on the eastern part of the peninsula. However, some evidence argues against the influence of anthropogenic pollution; NO 3 -and PO 4 3-concentrations are low and there is no correlation between SO 4 2-and NO 3 -+ PO 4 3- (Fig. 11) . Rather, pyrite dissolution may play a role in the recorded increase in SO 4 2-, as pyrite is commonly described in this area (Koma et al., 1989) .
∆ D is larger than ∆ HCO3 in samples 2, 16, 18, 19, 25, 35, 42, 45, and 56 . This result could be interpreted to indicate that [1] the cations are released into the groundwater by reactions other than those expressed by Eqs. (6)-(9), or [2] the HCO 3 -released by dissolution is consumed by the formation of other minerals and organic reactions. We note that values of ∆ Ca and ∆ SO4 are similar in sample 35 and that the saturation index for gypsum is higher in sample 35 than in other samples (Table 2 ). These observations indicate that gypsum dissolution contributes to the larger total ∆ of the cations. Samples 2 and 56 record negative ∆ SO4 . Negative ∆ SO4 may be attributed to the re- Sample No. This low pH may be because the groundwater is oxidized to decrease the pH while springing out to the surface. If it is the case, the "true" (not analyzed) groundwater was saturated with respect to calcite and dolomite and then the same explanation as samples 2, 18, 19, 25, 35, 42 , and 45 discussed above applies to sample 16.
In summary, the groundwater chemistry of RT1 and RT2 samples is mainly controlled by the dissolution of silicate minerals and to a lesser degree the influence of other minerals, ion exchange, and biological activity. Reaction types 3 and 4 Groundwater samples of RT3 and RT4 are generally located near the coast, with just a few samples located in inland areas. The dissolution of plagioclase should be considered to be a dominant reaction because ∆ Na in RT3 samples is generally high compared with other elements. However, there are some problems with this proposal. While ∆ Na is an order of magnitude greater than the ∆ of other cations, ∆ Ca is commonly negative. We would expect ∆ Ca to record larger values because Ca feldspar is commonly associated with Na feldspar via solid solution, and Ca feldspar dissolves more readily than Na-feldspar. The small values of ∆ Ca might reflect the precipitation of carbonate minerals, as most of the RT3 samples are oversaturated with respect to calcite and dolomite (Table 2) . Sample 3 is unusual in that ∆ Mg is extremely low and its absolute value has the same order of magnitude (10 1 ) as ∆ Na . These trends may reflect ion exchange between Mg and Na. While the reaction mechanism of sample 3 is similar to RT4, sample 3 is categorized as RT3 (see below).
RT4 is characterized by large ∆ Na and negative ∆ HCO3 . It is inadequate to explain the negative ∆ HCO3 by the precipitation of calcite and dolomite because sample 1 is undersaturated with respect to these minerals. The large values of ∆ Na may be due to ion exchange with other cations, especially Mg.
It is significant that ∆ SO4 of RT3 and RT4 is negative whereas ∆ SO4 of RT1 and RT2 is generally positive. It is unjustified to attribute the negative ∆ SO4 values to the precipitation of gypsum and anhydrite because Ca and SO 4 display contrasting behavior (Table 3) ; the negative values might result from the sulfate sulfur reduction shown in Eq. (13).
In summary, the chemical composition of RT3 and RT4 groundwater is locally controlled by the dissolution of silicate minerals, similar to RT1 and RT2, but other mechanisms such as ion exchange are also likely to play a role. Reaction types 5 and 6 Based on Table 3a , the large values of ∆ Na and small values of ∆ Ca in RT5 samples are similar to the characteristics of RT3. Oversaturation with respect to calcite, dolomite, and in part siderite indicates precipitation of these minerals (Table 2) ; however, ∆ Mg is extremely low (negative) compared with ∆ Ca . Values of ∆ Na are comparable to ∆ Mg (see Fig. 12 ). All samples except sample 22 plot close to the line of ∆ Na :∆ Mg = 1:-2, indicating ion exchange between Na and Mg. The significantly large ∆ Na compared to ∆ Mg of sample 22 might be explained by dissolution of Na-montmorillonite. However, only minor montmorillonite has been found in the study area (e.g., Kamei et al., 2000) . Another explanation is that the host rock of sample 22 contains Naplagioclase and this type of plagioclase dissolution occurs, inferred from the large ∆ Ca relative to ∆ K and ∆ Mg in sample 22. ∆ K , ∆ Ca , and ∆ Mg are negative in many samples, while ∆ Na is generally positive. It is therefore impossible to explain the chemical reactions in the aquifer solely in terms of the dissolution of silicate minerals.
∆ SO4 is generally negative whereas ∆ HCO3 is positive in most samples. As stated earlier, the influence of sulfate sulfur reduction by organic matter (Eq. (13)) is possible. In samples 5-11, ∆ HCO3 is intermediate in value between ∆ D and ∆ D+B (Fig. 9b) . The low values of ∆ HCO3 relative to ∆ D+B might be explained by the reaction to produce methane. As mentioned earlier, methane is extracted from brine in some parts of the study area. Methane could have formed via methanogenic bacteria as follows:
This reaction removes aqueous carbon from groundwater, leading to a decrease in ∆ HCO3 . The locations of the samples exhibiting ∆ D > ∆ HCO3 > ∆ D+B are mainly in the southeast of the peninsula, where high purity natural gas (98-99% CH 4 ) is produced. The difference between ∆ HCO3 and ∆ D+B values might therefore be attributed to the production of methane as shown in Eq. (16). There is additional evidence for the biological activity with respect to RT5. Because Br and Cl are conservative elements, the Br/Cl ratio tends to be constant and equal to the seawater value, leading to a positive correlation between Br and Cl. However, as shown in Fig. 13 , the RT5 samples with >100 mg/l Br plot away from the regression line whereas the samples other than RT5 samples with >100 mg/l of Br define a clear positive regression line. As the source of Br -, NH 4 + and I -is mainly from organic matter decomposition (Martin et al., 1993) , the groundwater chemistry of these samples is likely to be strongly affected by organic matter.
The samples of RT6 are significant in that only ∆ HCO3 is positive. This would be related to the local high biological activity in the aquifer, because we can consider that excessive NH 4 + derived from breakdown of algae exchanges with other cations (∆ Na , ∆ K , ∆ Ca , ∆ Mg ) and that ∆ HCO3 > 0 and ∆ SO4 < 0 are consistent with the reaction expressed by Eq. (13).
As noted in Subsection "Classification of groundwater based on chemical composition", the results of ∆ Na of samples 5-11 are different between Table 3a (use the seawater samples) and Table 3b (use the world average values). In the latter case, the ∆ Na values cannot be explained by the ion exchange of Na and Mg because of ∆ Na < 0, but it should be noted that the positive and negative of ∆ is the same as that of RT6 as discussed above. As a result, regardless of whether using Table 3a or 3b, it is concluded that biological activity is a major control to regulate water chemistry in RT5 and RT6.
In summary, silicate dissolution had only a minor influence on the chemistry of RT5 and RT6 samples, whereas cation exchange and reduction of sulfate sulfur and carbon by biological activity were probably more influential factors.
CONCLUSIONS
In this study we analyzed the geochemistry of groundwater from the Boso Peninsula, Japan, and examined the geochemical processes that control groundwater chemistry. The major results of this study are summarized as follows.
We identified four types of groundwater on the basis of by water chemistry via trilinear diagrams. Saline-type groundwater is distributed all over the peninsula, whereas freshwater-type groundwater is found mainly in the central areas and southern parts of the peninsula. The influence of present-day seawater intrusion to inland areas on the groundwater chemistry is not clear, although the ocean surrounds the study area. Fossil brine water could also contribute to the groundwater chemistry at least locally. Stability diagrams indicate the presence of silicate minerals such as plagioclase, illite, and chlorite within the host rocks, and although these minerals might be affected by dissolution reactions, they were not in equilibrium with the groundwater. Thus, seawater intrusion should proceed not prior to, but together with and/or after geochemical processes including water-rock reactions. Therefore, the analyzed groundwater is classified into six reaction types (RT1-RT6) on the basis of the nature of reaction-induced changes in composition. These reaction types are calculated by assuming that seasalt components of rainwater influence groundwater chemistry. These reaction types generally correspond to the chemical composition of the groundwater, although some exceptions exist. The chemical composition of groundwater is not always consistent with the inferred reaction mechanism. The chemistry of RT1 and RT2 groundwater is controlled by the dissolution of silicate minerals, whereas the chemistry of RT3 and RT4 groundwater is controlled by the precipitation of calcite, dolomite, and siderite and ion exchange reactions. RT5 groundwater is not affected by the dissolution of silicate minerals, although the precipitation of carbonate minerals and ion exchange between Na and Mg might be important. The chemical properties of the analyzed groundwater might also be affected by sulfur reduction, the production of methane, and enrichment in Br via the decomposition of organic matter. The chemical composition of RT6 groundwater is likely to be dominated by especially high biological activity.
The results of our study indicate that groundwater in sedimentary basins can be characterized by the diverse geochemical processes associated with mineralogical and biological activity as well as geographical factors.
